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CORRELATION BETWEEN WIND VELOCITIES AT THE SURFACE AND THOSE IN THE FREE AIR.
By Leroy T. SamuEeLs, Meteorologist.
[Weather Bureau, Washington, D. C., March 30, 1922.]

SYNOPSIS.

Correlation coefficients between wind velocities at the surface and
those at various heights up to 3,000 meters have been computed from
kite records made at Broken Arrow, Qkla., Drexel, Nebr., Ellendale,
N. Dak., Groesbeck, Tex., and Royal Center, Ind., after first classi-
fying the data by surface wind direction. In all cases where the
correlation coefficient showed a significant value of 0.50 or more, with
a relatively small probable error, the regression coefficients were
determined for computing the velocities aloft from those at the surface.

The residuals for each group (i. e., each surface direction for which
a correlation coefficient of 0.50 or more was obtained), when the ob-
served velocities were subtracted from the computed, were found to
be practically indentically distributed and were therefore regarded
as homogeneous. In view of this, they were all grouped together
and a frequency polygon drawn. This exhibited a slight skewness
and thereiore the normal curve of error was not strictly applicable.
This is shown, however, in the diagram. A smooth curve was fitted
by inspection, since it was thought that all practical purposes would
be served by merely showing graphically the degree of probability of
a certain variation in the computed velocity from the actual. The
arithmetic mean (disregarding signs) of the residuals was found to
be 2.8, the median, zero class, and the mode, 4-2 class.

INTRODUCTION.

Increasing interest is being manifested as time goes
on in weather conditions in the free air, due principally
to the steady advancement being made in aeronautics
and the consequent demand for meteorological infor-
mation. Any possible short and direet methods of
determining existing conditions aloft are therefore
urgently needed. Considerable progress in various
branches of meteorology is being made under this pres-
sure of demand, and the outlook continues encourag-
ing. Much of this progress, however, is limited to
our ability to obtain numerous free-air observations,
and this ability in turn to the available funds for carry-
ing on the work.

OBJECT AND METHOD OF TIE STUDY.

The determination of the linear correlation between
two variables serves as a basis for the least-square
computation of one variable in terms of the other.
Obviously then, free-air wind velocities can be deter-
mined, within limited degrees of accuracy, if a signi-
cant degree of correlation exists between them and the
velocities at the surface. This principle is being suc-
cessfully applied in various branches of meteorofogical
investigation, such as in predictions of morning mini-
mum temperatures from the depression of the dew
point at the preceding evening observation; and esti-
mates of crop yields from monthly rainfall distribu-
tions.! So far as known this method has never been
used, however, in computing free-air wind velocities
from those at the surface.

Coefficients of correlation for surface and upper-wind
velocities have, however, been computed from a compara-
tively small number of observations made at Avesnes
le Comte and St. Omer in France. These values were
close to 0.75 (the probable errors not given) when
surface winds were correlated with those at wvarious
heights up to 3,000 feet. No classification by wind
direction was made in these, however, there being
available only some 30 and 60 pilot-balloon observa-
tions, respectively.*

Many empirical methods have been suggested for
computing the velocity aloft but probably none has
ever proved of sufficient reliability for practical pur-

1 Smith, J. Warren. Mo. WEATHER REv., SUPPLEMENT No, 16, 1920,
3 The Computer’s Handbook, M. O, 223, Section V, p. 67,

poses. Nearly all have been based on only a few ob-
servations and when used give exceedingly inaccurate
results for individual cases. . _

Velocities a short distance above the ground may
be computed from the formula,?

H4-22
h¥ae
where 17 is the velocity (m. p. s.) of the wind at the

height H (about 16 meters) above ground, computed
from the known velocity at the height & (2 to 8 meters)

above ground.
I"— H 0.25
v _(7) ,

The equation,
was found by Douglas* to fit his ohservations for heights
between 100 and 600 meters fairly well.

Shaw® suggests as a likely formula,

F=wv»

in which T is the velocity at the height H above ground,
¥, the observed anemometer velocity, and a a constant,
obviously dependent upon surrounding topography,
anemometer exposure, and perhaps other factors. The
formula is supposed to apply only until the gradient
velocity is reached.

In addition to these and numerous other empirical
equations, mention should be made of the expressions
obtained by Taylor ® and others from the hydrodynamical
theory of turbulent motion.

The writer has computed the correlation coefficients
between velocities at the swface and those at various
levels up to 3 kilometers above mean sea-level (M. S. L.)
classifying the winds according to surface direction.
Those having a significantly high coefficient of correla-
tion (0.50 or greater with a probable error less than
one-sixth of the coefficient) were segregated and the
regression equations determined from which the u per
wind velocity is computed in terms of that at the surface.

Kite records obtained at Broken Arrow, Okla., Drexel,
Nebr.; Ellendale, N. Dak.; Groesbeck, Tex.; and Royal
Center, Ind., were used and classified by surface wind
direction. The four cardinal points, N., E., S., and W.,
were regarded as sufficient for the purpose but where
the number of available observations for these directions
was too small to give a reliable coefficient of correlation,
the adjacent directions (to 16 points) were included in
sufficient quantity to bring the total number up to that
necessary to give a dependable value. This is indicated
in figure 1 by brackets inclosing the directions which
were so grouped.

It has been suggested that possibly a better groupin
would have resulted if the records had been classifie
according to the various quadrants of high and low
pressure areas in which they were made. %‘his may be
true, but such a classification would require a much
ﬁreater number of records since only those in well-

eveloped HigHs and rows could be used. Further-
more, the quadrant classification would defeat the essen-

8 Stevenson, Jr. Scof. Metr. Soc., p. 348-1880.

1 Nature, 33, p. 593, 1885.

b Adv. C'om.},or Aero., R, & M. No. 9, p. 8, 1909,
s Phil. Trana., V. 215, p. 1, 1915.
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F1a. 1.—Correlation coefficlents for surface-wind velocities and those in the free air at heights of 1,000, 2,000, and 3,000 meters above ses level, at Drexel, Nebr., with related data.
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tial end desired, viz, the possibility of readily computi
the velocity aloft when only the surface velocity a.xI:ﬁ
direction are known. In the other case it would be
necessary to know the surrounding surface-pressure
distribution.

The spring and winter seasons and summer and au-
tumn seasons were taken together, first, because of the
insufficient number of observations in any single season,
and, second, because of the seasonal lag in wlr](ﬁocities as
shown in the means, autumn velocities being less than
those in the spring.

The midway direction through which the surface wind
turned during the kite flight was taken as the surface
direction in this classification. Pilot-balloon records
were not included in this study, but it is hoped to incor-

orate these data in a similar study some time in the
uture.

The correlation coefficients were computed by the
usual fornmula, viz.

7.=:(”_y) 4h)

H
Nox Ty

in which the z's are the series of deviations from the
arithmetic mean of one series and the y’s the correspond-
ing deviations from the arithmetic mean in the other
series. In this case the surface velocities correspond to
the z’s and the upper velocities to the y's.

In each case where the correlation coefficient was found
to be 0.50 or higher with a relatively small probable
error, the regression equation was determined. This
equation is of the type, y="bz; the regression coefficients
are determined by the equations,

bl = 1'5: ) (2)
and b,= -r:—i , 3
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respectively. The equation of the straight line defined by
the coefficient of correlation and expressing the direct rela-
tion of the surface and the upper wind velocity is? where

y=rlz, @

r, is the correlation coefficient, z, the surface wind ve-
locity, y, the upper velocity. o, and ¢y, the standard
deviations of the surface and upper wind velocities with
respect to their arithmetic means, respectively. For
practical purposes as explained by Yule ? it is more con-
venient to express the equations in terms of the absolute
values of the variables rather than the deviations; there-
fure replacing z by (X minus the arithmetic mean of z,
for each particular group of 2’s) and ¥ by (Y minus the
arithmetic mean of ¥, for each particular group of ¥’s),
thereby changing the regression equation, y=bz, to the
ordinary form of an equation for a straight line, y =bz +a.

As an illustration, 1et us take the south surface winds
for spring and winter at Drexel, Nebr. Let it be desired
to obtain an equation whereby the wind velocity at the
height of 1,000 meters (M. S. L..) may be computed from
the surface velocity when the wind direction 1s from the
south. The velocities at the surface and the correspond-
ing velocities at 1,000 meters (M. S. L.) are tabulated a: 1n
Table I, the surface velocities being designated z and the
upper velocities y. The departures of each value of z and
y are then foumf from their respective arithmetic means
and are tabulated under the columns headed A and B,
res’Fectively. '

hus we have when substituting in equation (1),

p= SLLO4
~ 77X 2.70X5.60

as the value of the correlation coefficient for these data.

=0.70

T Marvin, C, F. Mo. WEATHER REV. October, 1916, 44: 567.
8 Yule, G. U.: Introduction to the theory of statis,tics p. 179. 1916,

TxBLE 1.—Computation of correlation coefficient for wind velocities ai the surface and those at 1,000 meters above sea level at Drezel, Nebr. (surface direc-
. tion, south) spring and winter.

¥ T | 7 z v
1,000 Sur- 1,000 Sur- 1,000
Surface| meter | face | meter | face | meter | A A. A B B B Al A3 At B* B3 B? |AXB.[AXB.| AXB. ’
veloe- | veloc- | veloc- | veloe- | veloe- | veloe-
ity. ity. ity. ity. ity. ity.
4 7 6 8] 5 1| —2.8 —0.8| —L8| —7.4{—6.4|—-34] 784 324 | 5476 | 4,006 1,15 |+2,072 | +512 +613
6 12 5 91 6 6| -0.8} —~1.8| —-0.8| —2.4} —5.4| —L6 64 324 64 576 | 2,916 256 | +192 | +972 —-128
9 14 6 15 8 21| +2.2( —0.8]| +1.2| —0.4( +0.6 | +6.6 484 14 16 36 4,356 —88 —48 +703
10 18 9 21 5 16| +3.2| +2.2] —L8| +3.6| +6.6 | +1.6 | 1,024 | 484 324 | 1,208 4,366 256 |41,152 [+1,452 —288
7 12 10 21 7 14{ 4+0.2| +3.2| +0.2| —2.4] 4+6.6 | —0.4 4 (1,024 4 576 | 4,356 16 —_ 432,112 —-8
5 S 4 11 5 17 —L8§| —2.8* —1.8| —6.4| —3.4 | 2.6 324 | 784 324 | 4,006 | 1,156 676 |+1,152 | --952 —468
9 25 [ 9 6 14 +2.2) —0.8} —0.8] +10.o | —5.4 | —0.4 484 64 64 ) 11,236 | 2,916 16 142,332 432 +-32
5 11 3 10 14 24| —~1.8{ —-3.8}| +7.2| —3.4] —44]| +9.6 324 | 1,444 5,184 | 1,156 ) 1,936 9,216 | -+612 [4+1,672 +6,913
5 9 5 20 5 7| —L8| —-1.8| —L8| -54| 456 7.4 324 324 324 2,916 | 3,136 5, 4 +972 |—1, +1,332
5 9 4 10 13 24| —L8| —2.8] +6.2| —5.4| —4.4 | +9.6 324 784 3,544 2,016 1,036 9,218 | +972 [+1,282 | +5,
9 19 9 20 9 19| +2.2] +2.2| +2.2| +4.6| +56| +4.6 434 484 484 1 2,116 | 3,138 2,116 (41,012 |+1,232 +1,012
9 21 7 14 5 9! +2.2| +0.2; —1.8| +6.6 | —0.4 | —5.4 48 4 324 | 4,356 16 2,016 (41,452 -8 +972
13 21 5 12 4 7 +6.2| —1.8| —2.8| +6.6 | —2.4 | —7.4 484 324 784 | 4,356 76 5,476 (44, + +2,072
8 11 4 9 S 4 412 —2.8f +1L2] —3,4| 54! —0.4| 3,84 784 14| 1,158 | 2,016 16 | —408 41,512 —48
7 13 4 7 5 71 +0.2| —2,8) —L3| ~lL4| —7.4}| —7.4 784 324 196 | 5,478 5,478 —28 142, +1,332
10 17 5 12 6 12| +3.2| —-1.8} —0.8| +2.6{ —2.4] —2.4| 1,024 324 64 676 578 | +8321 + +192
5 9 7 19 6 131 —..8| +0.2| —0.8| —5.4| +46| —L4 4 2,016 | 2,116 106 | 4972 +92 +112
7 19 4 7 11 21 +0.2| —2.8] +42| +46|+2.6} 1+6.6 4 784 1,764 | 2,116 356
[ 12 7 18 9 21| —0.8| +0.2| +2.2; —2.4{43.6 | +46.6 64 4 356
18 b=} 4 15 9 17 +11.2( —2.8| +2.2} +86} 4+0.6 | +42.6| 12,544 784 676
5 7 6 16 4 9| —-1.8] —0.8| —2.8} —7.4} +1.6| ~5.4 324 64 916
7 12 4 7 5 21| +40.2) —2.8( —L8] —24|—7.4( +6.8 4 784 356
6 14 8 22 5 3| —0.8] +1.2| —1.8) —0.4{+7.6 |—11.4 64 144
11 18 8 30 6 16| +42{ +1.2| —0.8} +43.6|+15.6| +1.6 | 1,764, 144
10 3 8 13 4 10{ +3.2) +L.2| —2.8)] +86| —1.4| —44| 1,024 144
T 7 4 8 ORI RO +0.2 —2.8]........ -7.4|—7.4) _..... 4 (- T R,
Total.
Means.
Sq. rts.
() 811.04 . 1—rl_ 1-.4900
T Rowy TTX2. 70X 500 0.70. P. £E=0.674 7 0.674 1’7_7 +0.04
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The probable error of this coefficient is,

1
P. E=0.674 (5)

where, n _is the number of observations upon which it is
based. Substituting in formula (5), we have,

P. E._0.674 14900

Nk
Since it is desired to compute the upper wind velocity
or ¥, in terms of the surface velocity or x, equation (3)
is used.’® . )
Therefore the regression equation 4= bz, becomes

= $0.04

9y ==r:—:1-.t, (4)

Substituting the computed values from Table I in equa-
tion (4), we have

y= 0.70%1: or
y=1.45z ©6)

But in order to obtain an equation of a straight line in
the usual form," 1. e., y=>br+a, we replace z in equation
(6) by X —6.8 (the arithmetic mean of the surface winds)

and y by Y —14.4 (the arithmetic mean of the upper -

winds), as found in Table I. Then substituting in equa-
tion (6) we have,
Y =145 +45 (7

It must be understood, of course, that the law of rela-
tion represented by the equation is purely an arbitrary
one and applies only to conditions within the range of
the records discussed. The degree of dependence which
may be given the results obtained by these equations
will be discussed later. .

The above procedure has been carried out in a like
manner for other stations and cases, but, as already
stated, the regression coefficients have been found only
when the coefficient of correlation was 0.50 or higher,
with a small probable error, as useful results could not
be expected where only a poor or no correlation existed.

Figure 1 shows these results graphically for Drexel,
Nebr., and a little study of this chart will make compari-
son simple. In order to assist in this respect, super-
posed bars, with lengths proportional to the correlation
coefficient, have been drawn to visualize the degree of
correlation for the various altitudes and surface directions.

The correlation coefficients together with their prob-
able errors are shown adjacent to the surface direction
or group of directions to which they apply.

egression equations (in which 2 =surface ve_alocit_v and
y=velocity aloft) for computing the upper wind veloci-
ties are shown along with the correlation coefficient when-
ever the latter has a significantly high value of 0.50 or
more. :
The figures in parentheses indicate the number of
observations upon which the correlation coefficient is

based.

- Lack of space prohibited showing these data graphi-
cally for the other stations, but the data themselves are
given in tabular form in Table 2. The column headings
in this table are explained as follows: Column headed
“wind direction” gives the surface direction for which
the correlation coefficient was computed. In cases where

® Marvin, C. F.,, loc. cit.
w Yute, &. V, ive. cit.
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more than one direction occurs, an insufficient number
of observations from the cardinal direction, i. e., N., S.,
E., or W., was available and the adjacent directions were
therefore included; thus, extreme directions only of such
groupings are indicated; » indicates the number of obser-
vations upon which the correlation coefficient is based,
r shows the correlation coefficient and its probable error,
and y represents the wind velocity aloft and is that value
found by the regression equation shown in this column,
x representin% the surface wind velocity. No regression
equation is shown for correlation coefficients less than
0.50, as previously explained.

Figure 3 shows how these computations may be ob-
tained graphically by drawing the regression line on
coordinate paper. The line in the figure is that for
south surface winds at Drexel, Nebr., for spring and
winter when surface velocities were correlated with
those at 1,000 meters above sea level. For example,
to.find the upper velocity with a surface velocity of
8.7 m. p. s. from the south we find 8.7 on the horizontal
scale and run up to its intersection with the regression
line and read across on the vertical scale 17.1 m.p.s.,
the same as is obtained when 8.7 is substituted in the
regression equation y=1.45z+4.5.

t will be noticed that for Drexel and Ellendale the
1,000 meter (M. S. L.) level was chosen while for the
other stations, the 750 meter (M. S. L.) level was taken.
This was done because of the difference in elevation above
sea-level of the stations themselves. Thus for the three
lower stations the 750 meter (M. S. L.) level is prac-
tically the same height above the surface as the 1,000
meter (M. S. I1.) level is above the surface at Drexel
and Ellendale, the higher stations,

A few remarks regarding the interpretation and
significance of correlation coefficients and their reliability
as measures of relationship seem appropriate.

The function of the correlation coefficient is that of
an index of the extent to which the relation between
certain data may be represented by a straight line.
A low correlation coefficient must not necessarily ‘be
interpreted to mean no relation, but that if a relation
exists it is either small or is not well represented by a
straight line.!* The value by the very nature of the
equation itself can never be greater than unity, i. e.,
+1 and —1, indicating perfect correlation, positive in
the first case and negative or inverse in the second, while
0 indicates no correlation. The following rules will
assist in giving a general idea of the interpretation of
the correlation coefficient, r, according to its relation to
its probable error.

1. If r is less than the probable error, there is no evi-
dence whatever of relation.

2. If r is more than 6 times the probable error, the
existence of correlation is a practical certainty.

3. When the probable error is relatively small a value
for r of less than 0.30 can not be considered to indicate
correlation at all marked, while a value of more than
0.50 is evidence of good correlation. Mr. W. H. Dines,
of the British Meteorological Office, points out, however,
that in forecasting one variable in terms of the other, too
much dependence should not be placed on a correla-
tion coefficient as low as 0.50, even though the probable
error is relatively small. He shows that, ‘“If there is a
cause A and a result M with a correlation r between them,
then in the long run A is responsible for 7 of the varia-
tion of M.””* Obviously, then, on the average, with a

I Marvin, C. F. Mo. WEATHER REv. October, 1916, 44:560.
12 Meteorological Magazine, February, 1921, p. 20,
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correlation of 0.50, only 25 per cent, i. e. (0.50),% of the
causes of the changes in the variable can be attributed
to the correlated associate.

The striking feature shown in Figure 1 for Drexel and in
Table 2 for all stations is the generally high correlation
existing between the velocities at the surface and those
between 500 and 600 meters above. The coefficients
indicate a somewhat better relation during the spring
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The correlation coefficients for 3,000 meters were com-
puted for Drexel and Ellendale, there being too few
observations at the other stations for this purpose. No
values as high as 0.50 were found, but the west surface
winds at Ellendale for spring and winter gave a surpris-
ingly high value of 0.4440.08. A significant feature of
nearly all the values for this level was the extremely low
degree of correlation, some directions indicating zero

and winter than during the summer and autumn. Groes- while others showed a small negative value.
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RESIDUALS .
F16. 2.—~Frequency polygon showing the distribution of the residuals. m. p. s. (computed minus observed velocities).

beck, the station farthest south, shows the least correla-
tion for this level, the coefficients being less than 0.50
for all directions, except north for both periods and
west for spring and winter.

The 2,000 meter level does not indicate nearly as good
correlation as does the lower level. This is to be ex-
pected, since the wind at the higher levels becomes more
and more influenced by other factors, which in turn do
not influence the winds at the surface to such a great
extent. The south surface winds at Drexel for this
level maintain high correlation coeflicients for both
periods, and the same is true for these winds at Broken
Arrow for the s¥ring and winter. Groesheck has a
significant value for north and west surface winds for
spring and winter for this level.

98186—22. 3

PROBABLE ACCURACY TO BE EXPECTED.

When using equations such as these there is always a
degree of uncertainty as to the correctness of the com-
puted result in individual cases. Statistics furnish
various methods of determining the probability within
certain limits of accuracy when the data fall in the cate-
gory of normal distributions. Attempt will be made to
show to what extent this is true in our study.

The wind aloft was computed from the surface velocity
by the regression equation whenever the latter was
determined. The residuals of these computed velocities
were then found by subtracting the observed from the
computed. These residuals for the winds of the various
directions were then charted as a histogram, and it was
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found that the different groups were nearly identical as
to distribution. The data were therefore regarded as
homogenous and a single group was made of all. Figure
2 is the resulting frequency polygon.

The great number of observations (2,522) included in
this graph justifies its acceptance as typical and repre-
sentative. It is apparent that the distribution is not
symmetrical. Nevertheless, the normal curve of best
fit to the data is shown on the drawing by the dot-and-
dash line. Since the maximum height of this normal
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F16. 3,—Example of graphical representation of regression equation.

curve and the actual.data are nearly equal we may con-
clude that the data are comparatively elemental, although
slightly askew.

n addition, it has seemed sufficient to draw by free-
hand a smooth asymmetrical curve fitting the observed
data as closely as possible, in order to show the proba-
bil’iliv'gr of residuals of different magnitude.

e significant fact brought out by this frequency
polygon 1s the large proportion of computed velocities
with small residuals and the extremely small percentage
having large residuals.

Ferruary), 1922

The following values from these residuals were com-
puted: Arithmetic mean (disregarding signs), 2.8, median,
zero class, mode, +2 class. I% was found that the sums
of all plus and minus residuals were nearly equal, viz,
+3557 and — 3524, respectively. This small difference
seems negligible. The number of plus residuals disre-
garding their size show a decided preponderence, amount-
ing to 55 per cent of the total. This is apparent from the
skewness exhibited in the graph. The reason for this
skewness is not certain but seems probably to be a result
of the distribution of the observed upper wind velocities
with respect to their arithmetic means. These winds
distribute themselves as do a number of meteorological
phenomena, such as rainfall,.temperature, etc., with a
greponderence of values less than the mean. This distri-

ution is to be expected in such cases, since a few ex-
tremely lm‘ge plus departures necessarily tend to raise
the value of the mean while it is im_possigle to have any
negative departures of greater magnitude than the mean,
thereby causing a preponderance of negative values. It
was found that 55 per cent of the departures of the ob-
served wind velocities with respect to their means were
negative and since the residuals shown graphically in
Figure 2 were found by subtracting the observed irom
the computed velocities, it seems likely that an equal
preponderance should result, viz, 55 per cent plus
residuals, or similar to what was found. This is offered
merely as a possible reason of this skewness but the true
explanation 1s not certain.

After pilot balloon records have been incorporated into
this study and the number of stations consequently in-
creased, 1t will be possible to establish zones in which
these equations will be applicable; but until this is done,
the use of the equations is limited to the general vicinity
of the five kite stations, except in so far as interpolation
is possible between them.

CONCLUSION.

It apﬁears from the above discussion to be entirely
practicable to expect reasonably accurate results in com-
uting wind velocities aloft by the regression equations
or those directions indicating a significant correlation
coefficient. If results are desired in miles per hour, the
conversions should be made after all the computations
have been made using meters per second.

It seems possible that, when pilot-balloon observations
are impracticable, a good estimate of the upper winds
may be obtained by the use of these equations. These
com(i)utations are performed by substituting the surface
wind velocity (m. p. s.) for z, m the particular equation
for the prevailing surface direction, and solving for y, the
velocity aloft. These equations for their respective
directions are given in Table 2. The erratic conditions
found aloft with certain winds is fully realized but with an
increasing amount of observational data available, the
application of statistical treatment should prove of
practical value in many Wa‘ﬁ_{'

Acknowledgment is due Mr. Edgar W. Woolard for
information regarding statistical methods and to the em-

loyees of the Aerological Division for assistance rendered
in checking the large amount of computational work. -



Fepruary, 1922, MONTHLY WEATHER REVIEW. 89
TaBLE 2.—Correlation coefficienis and related data for various stations and elevations.
DREXEL, NEBR. (3% METERS ABOVE SEA-LEVEL).
1,000 meters (M. 8. L.). 2,000 meters (M. S. L.). 3,000 meters (M. 8. L.).
Reason. Surface wind Surface wind Surface wind
. urface win Surface win urface win
direction. - T | ¥ direction. n. r ¥ direction. . r.
|
|
3(15 0. 6;:!:0.% . ;;‘Et+‘5,g 0.%31:0.07
. . N .7 . <442, . .
Spring and winter..................... P éoi to1 | 1_4511*_5 _01: 0
&7 S50k .05 LUr47.1 184 .07
61 .3§-_{; 07 jeeinianaaa 324 .
Summer and autumn 133 gg: 8; l };ﬂig? gi (l)i
= WA3E 06 et .35+ .09
|
ELLENDALE, N. DAK. (+44 METERS ABOVE SEA LEVEL).
i n-une........ 85 0.79+0.03 I 0.85r+2.8 | nnw.-n........ 79| 0.35:0.07 nuw.-nne..... 51 | 0.39+0.08
Spring and winter..................... | he.—se.. 7| - .50+ .06, .75r+4.4 | ne-se......... 51 18+ .09 ne.~se......... 2| .12+ .14
| —SSWL .. 103 LA0+ 011 1.0Ar44.4 ) S-SSW......... 85 294+ ,07 . S5@.~8SW....... 63 [— .02+ .08
| wsw.-wiw. 59| .60+ .06 L1154+56(sw-wnw . ... 70| .45% .06 . wswownw...| 4l | .44£ .08
n.-une... 90 68+ .04 1.03r+2.2 | nnw.-nne..... 78 481 .06 . now.-nne..... 42 A4k 10
Summer and aqtumn............c..... ne.—se.. 105 AT 05 Ll TNe.~8€......... 73 L2844 .07 ne~K@......... 31 244 L1
| ®—SaW. um Ty ‘ LBr43.4 | S$5W.ooooa... 9% .47 .05 | .| see.ssw....... 78| .18+ .07
| wewnw....._. 73 67+ .04 ] L2440 ] wsweewnw...| 83 38k .08 wsw.—wnw....l 64 .26 .08
I ; : !
BROKEN ARROW, OKLA. (233 METERS ABOVE SEA LEVEL).
750 meters (M. S. L.). 2,000 meters (M. S. L.).
Heason. Surface wind T I Surh nd
urface win i urface win
direction. n | r. v ction. n. r. L8
I
nnw.-nne 70 0.60:+0. 05 33 0.32+0.10
Spring and Winter. .....oooiiii e gi :gg 6230 : égi :(l)é
.52+ .07 38 104+ .11
574 . 2% 423 11
Summer and autumn ggi % g gi (1)(15
46 . 28 274 12
BOVE S8EA LEVEL).
nnw.-noe 93| 0.6840.04! 1.08r+2.6 | nw-nne....... I 12
Spring and Winter.......vieiiiii it it i i e e e a e ne—se... 08 [ 2 T ) 7 A ne~Se.-ununn.. I3
S8€.~58W. 124 A3t 05 [l S—8SW.ooovnunn <9
SW.-NW.. 68 .55+ .08 T7247.1 | SWNW.eun... 55
now.-nne. 61 . 52% .06 .867+3.5 | nw—nne....... 38
Sammer anad aULUMN . . cveeverniravreemrteramacrsasocasmsmaranasessennnnn ne-se.... 8 424 ne.~Se......... 41
SS€.~SSW. 4 .46+ .05 856.~55W....... 99
SW.-NW........ 58 .37+ SW~NW........| 42 2304 .09 |.oeenenn..
ROYAL CENTER, IND. (225 METERS ABOVE SEA LEVEL).
nnw.-nne..... 25 0.70+0.07 1.21z+1.4 | Toofew obser- |......|....... PP F P
vations.
Springand Winter........coociieiiiicii e cia st eve b s 65 AT 07 |ooooeaoe..... 1NO~88..ceenunn 34 0.1940.11 |..........
59 .50+ .08 1.482+5.1 | sse.~SEW....... 08
89 .67+ .04 93r+4.4 | wswownw....
35 A9k 08 [ Too few obser-
vations.
Sumuiner and autumn 59 .53+ .06 1.08z+2.5 | ne—se...c.....
J 7 .66+ .04 1.48142.8 | S3€.-88W.......
wWsWe-wnw._...f 99 T 1 WSW.-WIOW....




